showed that when goal-directed reaching movements are performed with a 2.5 s inter-trial interval (ITI) under a randomized visual feedback schedule, individuals use online visual information on trial n to perform efficient online corrections on trial n + 1 (i.e., "reminiscence" effect). These results persisted even when participants were given knowledge of the up-coming vision condition. In this study, the ITI was extended to 5 s in an attempt to negate any effects of the preceding trial. Results from this study revealed that trials with vision were always more accurate than trials performed without vision, suggesting that individuals relied significantly on online information. Furthermore, aiming precision improved when participants knew the vision condition before each trial. It is thus suggested that the reminiscence effects are not longer evident with a 5 s ITI, which in turn allows prior knowledge of visual feedback to influence the use of online vision.
Most research examining visual feedback utilization has shown that, when vision is available during goal-directed manual aiming, the outcome of the movement will be more accurate than without online vision (e.g., Carlton 1992) . This is presumably because visual information is used as feedback to control the limb during the course of the movement (e.g., Elliott, Binsted and Heath 1999; Woodworth 1899) . For example, when alternating visual conditions between trials and using a 10 s inter-trial interval (ITI), Zelaznik, Hawkins and Kisselburgh (1983) observed better performance with online vision. However, not all visual manipulations lead to clear differences in endpoint accuracy between movements performed with or without online visual feedback (i.e., full vision: FV vs. no-vision: NV; Allard 1985, Zelaznik et al. 1983) .
Some studies pertaining to visual feedback use during manual aiming have employed blocked protocols, wherein the same vision condition is administered on all trials in a block (e.g., Elliott and Allard 1985) . Presumably, this type of research highlights how visual feedback is used under predictable circumstances. However, when visual feedback availability from trial-to-trial is made uncertain-by randomizing the visual conditions-the benefits of having vision during the aiming movement are reduced or, even at times, nonexistent (e.g., Zelaznik et al. 1983 ; see also Elliott and Allard 1985) . In fact, when vision conditions are randomized, it is possible to perform better in NV trials compared with FV trials if the NV trials were immediately preceded by FV trials (Cheng, Luis and Tremblay 2008) . Cheng et al. (2008) examined the consequence of randomized visual feedback on manual aiming using a trial-by-trial analysis. That is, the effect of the preceding vision condition on limb trajectory control during subsequent trials in the opposite vision condition was tested. To do so, experimental trials were systematically organized into eight trial sequences. Specifically, a FV trial could be followed by 1, 2, 3 or 4 NV trials, and a NV trial could be followed by 1, 2, 3, or 4 FV trials. Therefore, when presenting these sequences in a continuous manner, the protocol seemed entirely randomized to the participant. This manipulation allowed the experimenters to systematically examine the effect of the switch in vision condition on subsequent trials. In one experiment, the sequences were presented randomly. In a second experiment, the same sequences were presented but participants were told which vision condition was going to be presented during the upcoming trial. In both experiments, the trials immediately following a switch in vision condition always showed the same level of precision as the trials that preceded it. For example, the first NV trials exhibited low endpoint variability much like the typical FV trial that preceded it (i.e., before the switch in vision condition), while high endpoint variability was observed on the first FV trials much like the NV trial that preceded it. Furthermore, the same pattern of results was found in the trajectory amendment analyses. The first trial following a switch in vision condition showed the same level of trajectory variability as the trial preceding it. The efficiency or "error-reducing" influence of trajectory amendments and the ensuing endpoint precision during a switch trial refers to a reminiscence effect. That is, online control following a switch of vision condition can be largely based on a proprioceptive calibration arising from offline processing of the previous vision condition (see Cheng et al. 2008) . Interestingly, Cheng et al. (2008) observed that advance knowledge of the vision condition did not significantly influence reminiscence effects. Indeed, the limb trajectory characteristics and endpoint precision were comparable whether advance knowledge of the vision condition was provided or not. Cheng et al. (2008) thus supported the possible use of preceding trial information for the online control of goal-directed movements (see also de Lussanet, Smeets and Brenner 2002; Jax and Rosenbaum 2009 ). Specifically, it was argued that information from the previous trial might be used to "generate a sensorimotor representation that is compared with online information-perhaps proprioceptive-on the current trial" (p. 410) (see also Bernier, Chua, Franks and Khan 2006) . In contrast, the lack of influence of information about the upcoming vision condition provided some empirical evidence against a worst-case scenario hypothesis (see Elliott, Hansen, Mendoza and Tremblay 2004) or other strategic effects on the online control of goal-directed action (e.g., Hansen, Glazebrook, Anson, Weeks and Elliott 2006) .
One potential explanation for the reminiscence effect observed by Cheng et al. (2008) is the inter-trial interval (ITI). Indeed, this period between trials is arbitrarily documented in most studies (Elliott and Allard 1985; Hansen et al. 2006) . Considering the aforementioned results, length of the ITI should have a large implication for offline and online feedback utilization. For instance, visual information about the target position available in the preceding seconds could be used as a reference for corrections in the upcoming trial.
Based upon the influential paper by Elliott and Madalena (1987) , visual feedback about target location is believed to be stored in memory for less than 2 s. Elliott and Madalena (1987) had participants perform aiming movements to targets in two vision conditions: FV and NV. In the movements performed in NV, there were four possible delays between the extinguishing of the room lights and instruction by the experimenter to initiate the aiming movement (i.e., 0, 2, 5 and 10 s). The results of experiment 1 revealed that when aiming to a target in NV without a memory delay (i.e., 0 s), movement accuracy was not significantly different from FV, although when a 2 s delay was introduced, endpoint accuracy was significantly worse. In contrast, Cheng et al. (2008) still observed significant reminiscence effects with a 2.5 s ITI. While it appears that a visual representation of a target may significantly decay within a 2 s interval, individuals may be able to maintain an accurate depiction of the environment for a longer period when the visual representation is combined with proprioceptive information from a previous movement.
More recent research using upper limb reaches has also examined the idea of a memory representation of a target and its location during a repetitive aiming task (Binsted, Rolheiser and Chua 2006) . That is, instead of using a single discrete aiming movement, participants performed a series of aiming movements back-and-forth between two targets in the transverse axis (i.e., Fitts's task: 1954) . Each trial lasted 11 s, with the individual performing the movements with vision of the targets and the hand during for the first 5 s. For the remaining 6 s of the trial, vision of the targets was made unavailable. The results of the experiment showed that when vision of the targets was removed, a small but significant increase in endpoint variability was observed within 0.5 s. This level of endpoint variability remained relatively stable until 4 s after targets removal. After that time, a dramatic and continuous increase in endpoint variability was observed until the end of the trial. While the internal representation of the visual environment may significantly decay within 2 s after vision is withdrawn (Elliott and Madalena 1987) , it may be possible to perform precise upper limb reaches for periods less than 4 s (Binsted et al., 2006) . In turn, online visual feedback mechanisms would contribute significantly more to limb control when such internal representation has decayed for 5 s or more.
Upon closer inspection of the results from Elliott and Madalena (1987) and Binsted et al. (2006) , one could argue that sensorimotor memory representations arising from the production of a goal-directed movement (e.g., Bernier et al. 2006) can remain available for up to 5 s. If we examine the pattern of error over time for movements taking between 400 and 500 ms in the Elliott and Madalena (1987) study, endpoint error increased significantly from the 0 s to the 2 s delay condition. Endpoint error remained at the same level for the 5 s but then significantly increased in the 10 s delay condition. In the Binsted et al. (2006) study, the first increase in endpoint error occurred within 0.5 s of the targets' disappearance. In the following 3.5 s, the level of error remained stable and followed by a gradual increase thereafter (i.e., from 9 to 11 s). In both studies, it is possible that participants maintained sensorimotor memory representations, which could be useful to control limb trajectories for up to 4-5 s after losing vision of the target and/or environment. This idea of sensorimotor representations was forwarded as an explanation for the reminiscence effects observed in Cheng et al. (2008: i.e., with a 2.5 s ITI; see also Bernier et al. 2006) . Therefore, one objective of this study was to test if the presumed use of sensorimotor memory representations could be weakened or even eliminated with a 5 s ITI. Indeed, if these memory representations can no longer be employed after a 5 s delay, then reminiscence effects should not be reproduced. Furthermore, if sensorimotor memory representations cannot be used to perform online trajectory amendments with a 5 s ITI, then advance knowledge of visual feedback should facilitate its use and be useful to reduce endpoint error (Hansen et al. 2006; cf. Cheng et al. 2008) .
The purpose of the current study was two pronged. On the one hand, we wanted to determine if individuals could use feedback available during trial n to perform online trajectory amendments during trial n + 1 with a 5 s ITI. In addition, we wanted to determine if prior knowledge of online visual feedback could be used to the participants' advantage under the same circumstances.
In this experiment, we used an inter-trial interval of 5 s. Given empirical studies investigating the influence of memory decay (e.g., Elliott and Madalena 1987; Binsted et al. 2006) , we expected the insertion of a 5 s ITI would negate the effects of the preceding trial (i.e., no reminiscence effects). That is, we expected all trials in FV to always exhibit less error than trials in NV. As a result, individuals would not rely on the sensorimotor representations of the previous movement, but rather resort to using available feedback that is currently available, to execute the movement.
Furthermore, half of the participant pool was provided with knowledge about visual feedback availability for the upcoming trial (i.e., certain group) while the other half performed the same task without knowledge of visual feedback (i.e., uncertain group). For the certain group only, an automated verbal cue was presented before movement initiation, providing the participants with information about the vision condition (i.e., "full" for FV trials or "no" for NV trials). In line with the idea that sensorimotor memory representations are no longer available with a 5 s ITI, we expected a facilitation online feedback use. That is, aiming with FV would exhibit better performance and more efficient online trajectory amendments when the vision condition of the next trial is known.
Methods Participants
In the experiment, twenty participants were recruited from the University of Toronto community and randomly assigned to one of the groups (uncertain group: 4 male, 6 female, mean age = 21 yrs, SD = 3.4; certain group 2: 6 male, 4 female, mean age = 24 yrs, SD = 3.1). Participants were self-declared right-hand dominant with normal or corrected-to-normal vision. Consent was provided before the start of the experimental protocols, with each protocol approved by the Office of Research Ethics at the University of Toronto and in compliance with the 1964 Declaration of Helsinki. Upon completion of the study participants were compensated $5.
Apparatus
Aiming movements were performed on an aiming console equipped with a translucent polymer surface. The home position was indicated by a piece of textured tape located on the proximal edge of the board. A single target position (1 cm in diameter) was indicated by a green light emitting diode mounted under the surface of the board and located 25 cm from the home position. The target was not visible to the participants unless it was activated. The position of the index finger was tracked using an optoelectric motion tracking device (Optotrak Certus, Northern Digital Inc.). Participants were fitted with a banjo pick on the index finger, which was equipped with an infrared emitting diode tracked by infrared cameras at 400 Hz. Visual feedback availability was manipulated using liquid crystal goggles (Translucent Technologies Inc.). All equipment was controlled using custom MatLab software (The Mathworks Inc.). Lastly, participants were seated in a height adjustable chair set to their comfort level.
Design
The experimental protocol was composed of 270 trials, of which the first 10 trials were for familiarization. FV and NV trials were administered pseudo-randomly in 5 separate blocks of 52 trials (i.e., 260 experimental trials). As in Cheng et al. (2008) , a FV trial could be followed by 1, 2, 3 or 4 NV trials and a NV trial could be followed by 1, 2, 3 or 4 FV trials. Altogether, there were 70, 30, 20 and 10 trials in which a FV or NV trial could be presented for a 1st, 2nd, 3rd, or 4th time in a row, respectively.
Procedure
Each trial started with the goggles in the occluded state, with the participant's hand on the textured home position. The goggles were then triggered to become transparent and the target LED was activated, revealing its location. Following a 500 ms delay, a high-pitched tone (800 Hz) indicated the participants to aim as quickly and as accurately as possible to the target location. On NV trials, goggles were occluded once the limb of the participant exceeded the velocity criterion of 30 mm/s for two samples in a row. Correspondingly, on FV trials goggles remained transparent during the trajectory but were occluded once the finger velocity fell below the same criterion when approaching movement end (see data analysis and reduction for more details). Participants were instructed to keep their index finger still at the movement end until a low tone (200 Hz) signaled them to move back to the home position. The ITI, which was from the end of the trial to the start of the next trial, was maintained at exactly 5 s and participants were given a 1-5 min break between blocks of trials. For the group that was provided with availability of visual feedback on the upcoming trial, an automated voice indicated "full" or "no" in between trials. Specifically, the voice prompt was provided immediately after the low tone and before the goggles became transparent.
Data Analysis and Reduction. Limb velocity was obtained in real-time in MatLab, using a parsing algorithm to compute instantaneous velocity from the limb displacement data, which allowed vision withdrawal at movement onset for the NV trials and movement offset for the FV trials. Once the time between the limb velocity criterion was reached and verified, the goggles changed state in less than 10 ms. Final data reduction was performed by identifying movement start and end when the velocity of the index finger rose above (or fell below) 30 mm/s for 50 ms respectively.
Dependent Measures and Analysis
Temporal measures used in the experiment were movement time and time after peak limb velocity. Spatial measures were constant and variable errors (i.e., CE, VE) in movement amplitude (primary Y-axis) and direction (secondary X-axis), where the constant error was calculated as the signed average difference between the movement endpoints and the target location while the variable error was calculated the standard deviation of movement endpoints.
A 2 (group: certain and uncertain-knowledge of visual feedback) as the between subjects factor by 2 (vision: FV and NV) × 4 (successive trial: 1st, 2nd, 3rd, 4th in a sequence) as within subjects repeated measures, split plot analysis of variance (ANOVA) was used to compare the means for the variable of interest.
Also, a regression analysis of movement amplitude (i.e., contrasts of limb position at different movement proportions relative to movement end) was used to assess the mode of control that was used to execute the limb movements (i.e., planning vs. online control contributions). The analysis consisted of squaring the correlation (i.e., R 2 ) of the final movement amplitude (i.e., 100%) with limb amplitude achieved at 25%, 50%, and 75% of movement time. The underlying assumption for this analysis is that greater values indicate an offline mode of control while lower values indicate greater involvement of online feedback based modes of control (see Heath 2005; Messier and Kalaska 1999) . In this study, we contrasted R 2 at 3 proportions of movement (i.e., 25%, 50%, 75%), using again using the 2 (group: certain and uncertain knowledge of visual feedback) as the between subjects factor by 2 (vision: FV and NV) × 4 (successive trial: 1st, 2nd, 3rd, 4th in a sequence) ANOVA. A Bonferroni correction for multiple comparisons (alpha = .05) was used to decompose significant effects/interactions.
Results
There were no significant effects for MT, Fs < 1.8, ps > .19; time after peak velocity, Fs < 1.6, ps > .19; CE in movement amplitude, Fs < 2.1, ps > .13, and VE in movement direction, Fs < 1.8, ps > .18 (see Table 1 ).
For CE in movement direction, there was a main effect of vision, F(1,18) = 6.7, p = .02, as movements in FV were significantly more accurate than movements in NV which exhibited a leftward bias, with -.2 versus -1.7 mm of error, respectively. In addition, the analysis revealed a certainty by vision by trial interaction, F(3,54) = 3.7, p = .02. However the post hoc analysis did not reveal any meaningful differences.
For VE in movement amplitude, there was a main effect of vision, F(1, 18) = 86.2 p < .01, as movements in FV yielded lower VE than in NV. In addition, there was certainty by vision interaction, F(1, 18) = 7.8, p < .01, as VE was lower for trials with than without certainty for NV trials only (see Figure 1 ). Also, a certainty by trial interaction, F(3, 54) = 4.4, p < .01, revealed that without certainty, endpoint variability increased on the 2nd and 3rd trial in the sequence. While for trials with certainty, endpoint variability remained the same on the 2nd and 3rd trials and decreased on the 4th trial as compared with the 1st trial in the sequence. In addition there was a certainty by vision by trial interaction, F(3, 54) = 5.4, p < .01. The breakdown of the interaction revealed that FV yielded less endpoint variability than NV across all trials without certainty and all but the 4th trial with certainty. Furthermore, comparisons were also made within each vision and certainty condition, which revealed that: a) the 4th trial in NV with certainty yielded less endpoint variability than the 1st and 2nd trial and b) the 2nd to 4th trials in NV without certainty yielded significantly more endpoint variability than the 1st trial.
The R 2 analysis of movement variance between the limb position at various movement time proportions and limb position at movement end revealed main effects for vision, F(1, 18) = 28.5, p < .01, and movement proportion, F(2, 36) = 196.0, p < .01. In addition, there was a two-way interaction involving movement proportion and vision, F(2, 36) = 44.6, p < .001. Breaking down the movement proportion and vision interaction (see Figure 2 ) revealed no differences in R 2 values (22) 465 (20) 410 (25) 404 (27) Time after PV (ms) 291 (40) 283 (36) 252 (36) 249 ( between FV and NV at 25% of the movement. However, at 50% and 75% of the movement, NV trials yielded higher R 2 values than FV trials. Further, R 2 values increased across all movement proportions in NV but only between 50% and 75% of the movement time in FV. A certainty by proportion by vision interaction was observed, F(2, 36) = 14.7, p < .01. Decomposition of the interaction revealed higher R 2 values in the FV trials with certainty as compared with FV trials without certainty of visual feedback at 75% of the movement (see Figure 2) . This supported our predictions that knowing the upcoming vision condition facilitates online visual feedback use. Specifically, when participants knew they would have visual feedback, they could prepare to use it and therefore implement more efficient trajectory amendments. In contrast, when visual feedback was unexpectedly made available, participants likely started to implement late and/or less efficient trajectory amendments. Thus, knowing that vision would be available was expected to yield fewer trajectory amendments and this was the case late in the trajectory.
Discussion
In this study, we replicated the typical advantage of having online vision during goal-directed movements. As the remnants of the preceding trial are eliminated by way of a longer ITI (i.e., 5 s), individuals resorted to the use of the information that is currently available to them even on the 1st trial following a switch in vision conditions (cf. Cheng et al., 2008) . As a result, there were no reminiscence effects as NV trials were always less precise than FV trials (i.e., lower variable error in movement amplitude in FV than NV).
These results were supported by the analyses of movement variance at 75% of the movement, as FV trials always attained lower R 2 values than NV trials (i.e., indicating more corrections were made when vision was available). In referring these results to a limb control perspective, it seems as though when individuals are performing aiming movements in FV, they are using online visual feedback. On the other hand, when aiming in NV, individuals attained a higher variable error as compared with FV trials, probably because they were not able to exploit the sensorimotor representations from the preceding trial and/ or other sources of online feedback (e.g., proprioception) to execute their movement.
More importantly, our main manipulation of knowledge of visual feedback revealed that current information can be more optimally employed for planning and/ or online control when individuals are informed in advance of the visual information that will be available to them-leading to improved aiming precision and efficiency. These effects were clearly demonstrated by the decrease in variable error for NV trials when individuals were certain of the upcoming vision condition as compared with when they were not. Likewise, FV trials did not yield different levels of endpoint variability across certainty conditions although higher R 2 values were observed when visual feedback availability was certain. The higher R 2 values may reflect more efficient planning and online feedback processes, which decreased the necessity for trajectory amendments during the movement. In sum, these findings support the idea that individuals can strategically optimize online feedback use (e.g., Hansen, 2006) . Such strategic advantage may only be gained in situations where sensorimotor memory representations are no longer available or useful (i.e., with ITI longer than 4-5 s).
Furthermore, the analyses examining the effect of the number of trials in a given vision condition on endpoint variability revealed that for NV trials with certainty, endpoint variability was steady across trials and even decreased on the 4th trial. This result may be explained by the use of more effective planning strategies when individuals were certain that they were not going to have vision on the upcoming trial. On the other hand, in uncertain conditions, the endpoint variability increased from the 2nd NV trial onward. This increase in variability may be a consequence of the individuals' reliance on the decayed but still useable sensorimotor representations from the previous trials. That is, on the initial trial in NV, sensorimotor representations may have accurately retained information from the preceding FV trial. This can explain the relatively accurate aiming movements for the 1st trial in NV. While reminiscence effects significantly dissipated using the 5 s ITI, the sensorimotor representations may still have been partially useable on the first NV trial. With subsequent trials in NV, the memory representation could have further decayed, leading to a steady increase in variable error from the 2nd NV trial onward, without certainty. However, it is still not clear which type of information is being stored in such sensorimotor representations.
In addition to above-mentioned work arguing for decays in visual representation (e.g., Binsted et al. 2006; Elliott and Madalena 1987) , the gradual increase in error in NV trials could be also due to a weakening proprioceptive representation. Research by Kirsch, Hennighausen and Rösler (2009) , previously found that when individuals performed a movement to a remembered proprioceptive target, they were relatively accurate for up to 8 s following the previous movement-which approximately coincides with the 2nd NV trial in our experiment (see also Desmurget, Vindras, Gréa, Viviani and Grafton, 2000) . Nevertheless, compared with the results of Cheng et al. (2008) , individuals relied significantly on available real-time visual feedback to control their movements with the 5 s ITI.
The absence of differences in the temporal characteristics of the trajectories (cf. Hansen et al. 2006 ) such as MT and TaPV between the FV and NV conditionswhen advance knowledge of the upcoming vision condition was provided-may come down to the fact that only one target location was used in our protocol, as compared with Hansen et al. (2006) who used two target locations. As such, the parameterization requirements for all movements were essentially equivalent, making it easier to reveal differences arising from prior knowledge of visual feedback conditions.
In combination with the results found by Cheng et al. (2008) , we posit that when the interval between movements is brief (i.e., < 2-4 s), individuals use memory representations (i.e., visual and/ or proprioceptive) from the previous trial. Even when advance knowledge of visual feedback availability is provided, individuals are unable to use online vision. However, when the ITI is extended to 5 s, it appears that individuals make a greater use of the immediate source of information available to them. As a result, they benefit more from online visual feedback, even more so when prior knowledge of online visual feedback is provided. A greater emphasis may be placed on current visual feedback when planning the movement and/ or guiding the limb once the sensorimotor memory representation has decayed (i.e., after 5 s: see Binsted et al., 2006; Elliott and Madalena, 1987 ; see also Thomson, 1983) . Further, it is important to note that visual and proprioceptive representations may decay at different rates. Specifically, decays in memory representation-perhaps based on proprioceptive information-can be observed more than 8-10 s without visual feedback (Bowditch and Southard, 1882; Desmurget et al., 2000; Kirsch et al., 2009) . Lastly, the above comparisons between Cheng et al. (2008) and this study must also be made with caution.
One important contrast between the past and current study relates to the average MTs. In the Cheng et al. (2008) study, experiment 1 and 2 yielded average MTs of 420 ms (SD = 52) and 514 ms (SD = 66) for the experiments without and with visual feedback certainty, respectively. In the current study, we observed average MTs of 467 ms (SD = 65) and 407 ms (SD = 67) without and with certainty of visual feedback, respectively. Notably, MTs did not differ significantly between V and NV trials for all experiments of the current and past study (i.e., largest V-NV difference in mean MT = 7 ms). In addition, a separate ANOVA contrasting the MTs for the Cheng et al. (2008) and this study revealed no significant main effects or interactions. Nevertheless, one might still argue that the shorter ITI of the previous study led participants to make ineffective attempts at using the available online feedback (i.e., VE in movement amplitude most influenced by vision on trial n-1), which in turn yielded slightly longer MTs when visual feedback was certain. In contrast, the longer ITI of this study might have facilitated online feedback use when it was certain (i.e., VE in movement amplitude most influenced by vision on trial n), yielding more efficient online trajectory amendments and possibly explaining shorter MTs. While such between-subject contrasts across experiments must be interpreted with caution, they can lend support to our proposed interpretation: With a long ITI, sensorimotor memory representations are significantly decayed, allowing participants to optimize the use of online feedback when online vision availability is certain.
Conclusion
In this study, we examined if the reminiscence effects noted in Cheng et al. (2008) could be reduced or eliminated by extending ITI to 5 s. Furthermore, we wanted to know whether prior knowledge of online visual feedback would affect aiming performance or strategy with such extended ITI. Indeed, we found that with this longer inter-trial interval there were no reminiscence effects as found in Cheng et al. (2008) while individuals were able to benefit from advanced knowledge of the upcoming vision condition. The current study provides more support for the importance of online visual feedback and movement preparation strategies for the control of goal-directed movements. More importantly, this study shows that the inter-trial interval is a crucial methodological variable in online regulation investigations.
